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Examination of the reactions of the long-lived (> 0.5-s) radical cations of CD,CH,COOCH, 
and CH,CH,COOCD3 indicates that the long-lived, nondecomposing methyl propionate 
radical cation CH,CH,C(O)OCH,i’ isomerizes to its enol form CH,CH=C(OH)OCHi’ 
(A ffisomeriration = -32 kcal/mol) via two different pathways in the gas phase in a Fourier- 
transform ion cyclotron resonance mass spectrometer. A 1,4-shift of a P-hydrogen of the acid 
moiety to the carbonyl oxygen yields the distonic ion ‘CH,CH,C+(OH)OCH, that then 
rearranges to CH,CH=C (OH)OCH:‘, probably by consecutive l,S- and 1,4-hydrogen shifts. 
This process is in competition with a 1,4-hydrogen transfer from the alcohol moiety to form 
another distonic ion, CH3CH2C+(OH)OCH;, that can undergo a 1,4-hydrogen shift to form 
CH,CH=C(OH)OCHl: Ab initio molecular orbital calculations carried out at the UMP2/6- 
31G** + ZPVE level of theory show that the two distonic ions lie more than 16 kcal/mol 
lower in energy than CH,CH,C(O)OCHT’. H ence, the first step of both rearrangement 
processes has a great driving force. The 1,Chydrogen shift that involves the acid moiety is 3 
kcal/mol more exothermic (A Hisomeriration = - 16 kcal/mol) and is associated with a 4- 
kcal/mol lower barrier (10 kcal/mol) than the shift that involves the alcohol moiety. Indeed, 
experimental findings suggest that the hydrogen shift from the acid moiety is likely to be the 
favored channel. fJ Am Sot Mass Spectvom 1996, 7, 482-489) 
E ster radical cations have been of great interest since mass spectrometry experiments [l-6] and ESR studies [7] suggested that these species may 
spontaneously isomcrize to distonic ions in the gas 
phase as well as in the condensed phases [l-7]. In 
some cases, the resulting distonic ion undergoes a 
further rearrangement to a more stable enol form [3, 
5, 81. 
The rate of isomerization of radical cations by hy- 
drogen shifts is largely determined by the size of the 
transition state. Radical cations are generally stable 
toward isomerization by 1,2- and 1,3-hydrogen shifts 
[3]. However, 1,4-hydrogen shifts can occur readily. 
For example, the long-lived, nonfragmenting methyl 
formate radical cation HC(O)OCHi’ is known to com- 
pletely isomerize to HC+(OH)OCH; [4, 51. The long- 
lived methyl acetate radical cation CH,C(O)OCHl’ 
also rearranges by a 1,4-hydrogen shift to yield 
CHsC+(OH)OCH; [5, 61. However, the resulting dis- 
tonic ion is unstable toward a further 1,4-hydrogen 
shift that generates the enol ion CH,=C(OH)OCH;’ 
[5]; the latter ion corresponds to the global minimum 
on this potential energy surface [6, 81. In an analogous 
manner, the long-lived methyl propionate radical 
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cation CH,CH,C(O)OCHi. was recently demon- 
strated 151 to isomerize to the significantly more stable 
enol form, CH,CH=C(OH)OCH:’ (AHisomerization = 
~32 kcal/mol 191). 
Isomerization of the methyl propionate radical 
cation can occur by two different pathways that in- 
volve 1,4- and 1,5-hydrogen shifts (Scheme I) [5, 6a]. A 
1,4-hydrogen transfer from the P-carbon of the acid 
moiety to the carbonyl oxygen generates the distonic 
ion ‘CH,CH,C-(OH)OCH,. Rearrangement of this ion 
by a 1,5- and a 1,4-hydrogen shift forms the enol ion. 
Another conceivable pathway involves an initial 1,4- 
hydrogen shift from the alcohol moiety that results in 
CH3CH,Cf(OH)OCH;, which then rearranges to the 
enol ion by a 1,4-hydrogen shift. In spite of the fact 
that the 1,4-hydrogen shift from the alcohol moiety 
occurs readily for CH,C(O)OCH;’ [5, 6a], isomeriza- 
tion of CH,CH,C(O)OCH:. is thought to occur pre- 
dominantly by the 1,4-hydrogen shift from the acid 
moiety (path a, Scheme I) in the microsecond as well 
as millisecond time frame [5, 6a]. 
Ab initio molecular orbital calculations carried out 
in this work suggest that the distonic ion intermediates 
CH,CH,C+(OH)OCH, and CH&HJ+(OH)OCH; of 
the two conceivable isomerization pathways of 
CH,CH,C(O)OCH:’ are close in energy and signifi- 
cantly more stable than CH,CH,C(O)OCHi’. Hence, 
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the intial step of both rearrangement processes has a 
considerable but similar driving force. The rearrange- 
ment to form ‘CH,CH,C+(OH)OCH, is calculated to 
be associated with a somewhat lower energy barrier. 
These findings inspired an experimental reexamination 
of the isomerization process of CH,CH,C(O)OCH:: 
The results presented here indicate that the isomeriza- 
tion of the long-lived ion CH,CH,C(O)OCHl’ occurs 
by both mechanisms, that is, that a 1,4-hydrogen shift 
occurs from the acid as well as from the alcohol moiety 
in this radical cation. 
Experimental Methods 
Calculations 
Standard ab initio molecular orbital calculations were 
performed with the Gaussian92 program by employing 
spin-unrestricted Hartree-Fock (UHF) procedures 
(with SGI R4000 computers). Optimized geometries, 
harmonic frequencies, and zero-point vibrational ener- 
gies (ZPVE; this correction is necessary because of 
finite nuclear motion even at low temperatures) were 
calculated up to the 631G”* basis set. Because 
Hartree-Fock calculations are known to overestimate 
the vibrational frequencies by lo-15%, the zero-point 
energies were scaled by a factor of 0.9. The force 
constant matrices calculated for the stationary points 
were checked to have the correct number of negative 
eigenvalues (zero for equilibrium structures and one 
for transition structures). Single-point energies were 
calculated for the 6-31G** geometries by including 
electron correlation through the use of Moller-Plesset 
perturbation theory carried out to second order 
(UMP2/6-31G**//UHF/6-3lG**). To check the va- 
lidity of the single-point calculations, the most stable 
conformer of each structure (including the two transi- 
tion states examined) also was optimized at the 
UMP2/6-31G”” level. Unless otherwise indicated, the 
discussion will refer to calculations carried out at the 
UHF/6-31G** level. The spin-squared expectation 
values (S’) are within acceptable range and close to 
the value of 0.75 for the pure spin state. 
Experiments 
All the experiments were carried out by using an 
Extrel Fourier-transform ion cyclotron resonance 
(FT/ICR) mass spectrometer equipped with a dual-cell 
reaction chamber (model 2001 Fourier transform mass 
spectrometer, Extrel ANS, Madison WI) [5] and oper- 
ated under a 1280 or an Odyssey data station. The dual 
cell is aligned collinearly with the magnetic field pro- 
duced by a 3-T superconducting magnet. Each side of 
the dual cell is independently pumped with a turbo- 
molecular pump (TPU 330, Balzers, Hudson, NH). The 
nominal base pressure was < 1 X lo-’ torr as read by 
an ion gauge located in each side of the cell. All three 
trapping plates of the cell were kept at +2 V except 
when otherwise specified. 
The neutral reagents were introduced into the 
FT/ICR cell at a nominal pressure of about 1 X 10m7 
torr by using a heated batch-inlet system (Extrel) 
equipped with a variable leak valve or a Varian 
(Walnut Creek, CA) leak valve. The propionates were 
ionized by an electron beam. The electron energy 
(25-70 eV>, ionization time (30-50 ms), and emission 
current (typically 8 PA) were optimized for each ex- 
periment. Immediately after being generated, the pro- 
pionate ions were transferred from the cell where they 
were formed into the other cell by grounding the 
common wall of the two cells (conductance limit) for 
about 100 ps. Before ion transfer, all the ions in the 
receiving cell were removed by application of - 10 V 
to the remote trapping plate of that cell for about 5 ms. 
After transfer into the other cell, the ions were 
collisionally cooled for about 500 ms with argon intro- 
duced at a momentary high pressure into the cell 
through a set of pulsed valves (maximum pressure in 
the cell about 1 X lop5 torr). The propionate ions were 
isolated by ejection of unwanted ions from the cell 
through the use of the stored-waveform inverse 
Fourier-transform method [lo] (by using the Extrel 
SWIFT module). Care was taken to avoid excitation of 
the ions of interest. The isolated ions were allowed to 
react with the neutral base for a variable time period. 
The primary product ions were identified and their 
branching ratios were determined based on the reac- 
tion product distributions at short reaction times. 
The reactions carried out under the conditions used 
here follow pseudo-first-order kinetics. Hence, a 
semilogarithmic plot of the relative abundance of the 
reactant ion as a function of time yielded the experi- 
mental reaction rate constants (k). The collision rate 
constants (kCOll,slon) were calculated by using a litera- 
ture procedure [llal. The reaction efficiencies are given 
as k/kc,,l,ision. The greatest error in these values arises 
from the estimation of the pressure of the neutral 
reagent in the cell. The nominal ion gauge pressure 
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readings were corrected for the sensitivity of the ion 
gauges toward each neutral reagent [llbl, as well as 
for the pressure gradient between the ion gauge and 
the cell [llc]. 
All the spectra discussed are an average of at least 
25 transients obtained by excitation of the ions either 
by a frequency sweep (“chirp”) of 124-V,, amplitude, 
2.7-MHz bandwidth, and 3.0-kHz/ps sweep rate, or 
by using stored-waveform inverse Fourier-transform 
excitation to yield a 0.5-cm final radius for all ions. The 
spectra were recorded as 32k data points at a digitizer 
rate of 5.3 MHz and were subjected to one zero fill 
before Fourier transformation. 
The labeled methyl propionates were synthesized 
by a literature procedure [12l and checked for purity 
by NMR, gas chromatography (GC), and mass spec- 
trometry. All other chemicals were obtained commer- 
cially and checked for purity by GC and mass spec- 
trometry. 
Results and Discussion 
Relative Stabilities of the D~erent Isomeric Ions 
C, f&0;. 
Twenty-one different C,H,O:’ structures, which in- 
clude five different conformers of the methyl propi- 
onate radical cation CH,CH,C(O)OCHl’ (1) and 16 
different conformers of the distonic ions CH3CH,Ct 
(0H)OCH; (2) and ‘CH&H,C+(OH)OCH, (3), were 
examined computationally (Tables 1 and 2 and Fig- 
ure 1). The geometries were optimized in a stepwise 
manner up to the UHF/6-31G** level of theory (some 
of the higher energy conformers do not correspond to 
an energy minimum; see Table 1). The final relative 
energies were determined by using a single-point cal- 
culation at the LJMP2/6-31G**//UHF/6-3lG** + 
ZPVE level of theory. The most stable conformations of 
1, 2 and 3 (la, 2a and 3a) and of the two transition 
structures that connect 1 and 2 (ts12) and 1 and 3 (ts13) 
also were optimized at the UMP2/6-31G** level of 
theory (Table 2). 
Five different low-energy structures were located 
for CH,CH,C(O)OCHi’ (la-le; Figure 1). The struc- 
tures lb, lc, and Id have a C,-C,-Ca-0, dihedral angle 
close to 0 or 180”, whereas this angle is 121.3 and 88.8”, 
respectively, for structures la and le (UHF/6-31G**; 
the discussion will refer to this level unless otherwise 
indicated). The energy differences between all these 
structures are very small (less than 4.3 kcal/mol). The 
charge is located predominantly at the carbonyl carbon 
(0.855 for la) and the highest spin density at the 
carbonyl oxygen (1.038 for la) in all conformers. The 
geometry of the most stable conformer (la) changed 
very little from the UHF/6-31G** level to the electron 
correlation level UMP2/6-31G** (Figure 1). 
Eight different low energy conformers of the dis- 
tonic ions CH ,CH ,C+(OH)OCH; (2) and 
‘CH,CH,C-(OH)OCH, (3) also were examined. At 
the lowest level of theory (3-21G), eight of the 16 
distonic structures studied were calculated to be less 
stable than CH,CH,C(O)OCHl’ (la>. However, at the 
LJMP2/6-31G**//UHF/6-3lG** + ZPVE, all the dis- 
tonic structures were found to be significantly more 
stable than la. Inclusion of electron correlation 
(UMP2/6-31G**//LJHF/6-3lG**) had the greatest 
lowering effect on the relative energies of the distonic 
ions. At this level of theory, the most stable conformer 
of the distonic ion ‘CH,CH,C+(OH)OCHa (3a) lies 
18.8 kcal/mol lower in energy than CH,CH, 
C(O>OCHl’ (la) and 3.6 kcal/mol lower in energy 
than the most stable structure found for 
CH3CH2C+(OH)OCH; (2a). These values did not 
change appreciably when the geometries were opti- 
mized at the UMP2/6-31G** level: the ion 
‘CH,CHZC+(OH)OCH, (3a) was found to lie 19.4 
kcal/mol lower in energy than CH,CH,C(O)OCHi’ 
(la) and 3.4 kcal/mol lower in energy than 
CH,CH,C+(OH)OCH; (2a) at the UMP2/6-31G** + 
ZPVE level of theory. 
The local structure of the CH,O-groups in 
CH,CH,C(O)OCH:’ (1) and ‘CH,CH,C+(OH)OCHs 
(3) is essentially identical. However, the radical site in 
‘CH,CH,C+(OH)OCH, (3a) is reflected by a remark- 
ably short ‘CH,-CH, bond (at the UMP2/6-31G*z 
level: 3a: 1.496 A versus CH,-CH 2 in la: 1.536 A 
and CH,-CH, in 2a: 1.524 A). The highest atomic 
spin density in the ion 3a is located at the CH,-C 
(Cl: 1.212 at the LJMP2/6-31G** level). Most of the 
positive charge is at the carbonyl carbon (C3: 0.854). 
The CH,CH, group in the ions CH,CH, 
C’(OH)OCH; (2) and CH,CH,C(O)OCHl’ (1) is es- 
sentially unaffected by the structure of the rest of the 
respective ions. However, stabilization of the radical 
site by the oxygen atom in CHsCH&+(OH)OCH; (2a) 
leads to a very short CJ-CH;bond [at the UMP2/6- 
$lG** level, 2a (1.403 A) very 0-CH, in la (1.492 
A) and 0-CH, in 3a (1.484 A)] and a relatively long 
C’(OH)-0 bond [at the UMP2/6-31G** level, 2a 
(1.286 A) versus C(O)-0 in la (1.275 A) and 
C(OH)-0 in 3a (1.273 A)]. The atomic spin density 
in 2a is located at the CH,-C (C4: 1.173 at the 
UMP2/6-31G** level) and the greatest positive charge 
is located at the carbonyl carbon (C3: 0.870). The ion la 
also has the greatest positive charge at this carbon (C3: 
0.868), but the greatest spin density is located at the 
oxygen atom (1.038 at the UMP2/6-31G** level). 
Lsomerization Mechanism 
The relative energies of the species possibly involved 
in the isomerization of CH,CH,C(O)OCH:’ to 
CH,CH=C(OH)OCH:’ are illustrated in Figure 2 
[based on the computational results discussed in the 
foregoing text and the earlier reported [9] heats of 
formation of CH,CH,C(O)OCHi’ and CH, 
CH=C(OH)OCH:‘]. Both isomerization pathways are 
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Table 1. Calculated total energies (Hartrees) and relative energies (kilocalories per mole, in parentheses), zero-point vibrational 
energies (ZPVE” 1, and final relative energies for some [C,H,O,] -’ isomers 
UMP2/6-31G**// ZPVEa Cl 
Structure UHF/3-21 G UHF/6-31G UHF/6-31 G” UHF/6-31 G** UHF/6-3lG** (kcal/mol) (kcal/mol) 
la - 303.86520 - 305.41507 -305.56211 - 305.57535 ~ 306.43345 
IbC 
lc 
Id 
le 
2a 
2b 
2c 
2d 
2e 
2f 
29 
2h 
3a 
3b 
3c 
3d 
3e 
3f 
39 
3h 
(0) (0) (0) (0) (0) 
~ 303.865 17 - 305.41476 -305.56154 - 305.57487 - 306.43253 
(0.02) (0.19) (0.36) (0.30) (0.58) 
- 303.86441 -305.41449 -305.56136 305.57472 - 306.43 176 
(0.50)” (0.36) (0.47) (0.40) (I .06) 
- 303.86128 -305.41132 - 305.55752 - 305.57083 - 306.42727 
(2.46) (2.35) (2.88) (2.84) (3.88) 
- 303.86103 ~ 305.41099 - 305.55688 - 305.57004 - 306.42701 
(2.62) (2.56) (3.28) (3.33) (4.04) 
- 303.86788 ~ 303.41875 - 305.56399 - 305.583 11 - 306.45686 
( - 1.68) (-2.31) (-1.18) (-4.87) (-14.69) 
- 303.86763 -305.41811 -305.56354 ~ 305.58278 ~ 306.45641 
(~ 1.52) (-1.91) (- 0.90) (-4.66) C-14.41) 
- 303.86716 -305.41695 - 305.56272 - 305.58176 - 306.45486 
(- 1.23) (-1.18) t-0.38) (-4.0) (~ 13.43) 
- 303.86640 - 305.41655 - 305.56203 - 305.58090 - 306.45383 
C-0.75) (-0.93) ( - 0.05) (- 3.48) (- 12.79) 
- 303.86112 ~ 305.41123 -305.55927 - 305.57822 - 306.45138 
(2.56) (2.41)” (I .78) (- 1.80) (-11.25) 
- 303.86121 - 305.41145 -305.55924 - 305.57824 - 306.45118 
(2.50) (2.27) (1.80)’ (-1.81)’ (-11.13) 
- 303.85841 - 305.40802 - 305.55691 - 305.57594 - 306.45016 
(4.26) (4.42) (3.26) (-0.37) (- 10.49) 
- 303.85682 - 305.40650 -305.55524 - 305.57422 ~ 306.44787 
(5.26) (5.38) (4.31) (0.71) (- 9.05) 
- 303.87486 - 305.42766 -305.57210 - 305.59091 - 306.46255 
(- 6.06) i-7.90) (-6.27) (-9.76) t-18.26) 
- 303.87125 ~ 305.42381 -305.56846 - 305.58746 - 306.45835 
t-3.80) (- 5.48) (-3.98) t-7.60) (- 15.62) 
- 303.87049 - 305.42274 - 305.56705 - 305.58580 ~ 306.45745 
(-3.32) (-4.81) (-3.10) (- 6.56) (- 15.06) 
- 303.87003 - 305.42209 - 305.56648 - 305.58537 ~ 306.45626 
(- 3.03) (-4.41) (-2.74) (-6.29) (-14.31) 
- 303.86373 - 305.41529 -305.56276 - 305.58159 - 306.45421 
(0.92) (-0.14) (-0.41) (-3.92) (- 13.03) 
- 303.86359 - 305.41606 -305.56272 - 305.58148 - 306.45309 
(I .Ol Id t-0.62) (-0.38) (-3.85) (- 12.32) 
- 303.86377 -305.41594 - 305.56208 - 305.58102 - 306.45170 
(0.90) (-0.55) (0.02) (-3.56) (-11.45) 
- 303.85979 - 305.41156 - 305.55902 - 305.57791 - 306.45016 
(3.39) (2.20) (1.94) (-1.61) (- 10.49) 
70.92 0 
70.81 0.47 
70.75 0.89 
70.94 3.90 
71.16 4.28 
70.37 - 15.24 
70.34 - 14.99 
70.49 - 13.87 
70.70 - 13.01 
70.33 - 11.84 
70.14 -11.91 
70.54 - 10.87 
70.69 -9.28 
70.39 - 18.79 
70.13 - 16.42 
70.48 - 15.50 
70.18 - 15.05 
70.42 - 13.53 
70.28 - 12.97 
69.94 - 12.43 
70.41 - 1 1 .oo 
aAt the UHF/6-31 G** level and scaled by a factor of 0.9 
%MP2/6-31 G*X//UHF/6-31 G** + ZPVE(UHF/G-31 G**). 
‘Number of imaginary frequencies = 1. 
dNumber of imaginary frequencies = 4. 
initiated by a highly exothermic (16-20 kcal/mol) 1,4- 
hydrogen transfer (paths a and b; Scheme I). Path a 
involves an energetically more favorable transition 
structure (by 3 kcal/mol; ts13, Table 21 and generates 
the more stable intermediate ‘CH,CH,C’(OH)OCH, 
(3). The resulting distonic ion ‘CH&H,C+(OH)OCH, 
can rearrange to CH,CH,C+(OH)OCH; (2) via a fa- 
vorable six-membered transition state, but this step is 
slightly endothermic (4H,,,,tion = +4 kcal/mol). Path 
b would directly generate the distonic ion 
CH3CHZC+(OH)OCH; (2, Scheme I) but that would 
involve a slightly higher energy transition structure 
(ts12, Table 2). The final step in both channels involves 
the isomerization of CH ,CH ZC +(OH)OCH; to 
CH,CH=C(OH)OCHi’ by an exothermic 1,4-hydro- 
gen shift. Based on these considerations, it is not obvi- 
ous that isomerization of CH,CH,C(O)OCHl’ occurs 
exlusively via pathway a. Therefore, the isomerization 
mechanism was reexamined experimentally. 
An earlier study demonstrated that CH,CH= 
C(OH)OCHi’ is a Bronsted acid and readily transfers 
the hydroxylic hydrogen as a proton to many basic 
reagents [5]. Hence, examination of suitably labeled 
methyl propionate ions with bases should allow one to 
distinguish between the two mechanisms [5, 6a] (a and 
b, Scheme I) because they involve transfer of a differ- 
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Table 2. The energies (Hartrees), relative energies in parentheses (kilocalories per mole), and 
zero-point vibrational energies (ZPVE) calculated at electron correction level 
Structure 
la 
2a 
3a 
tr12 
tr13 
UMP2/6-31 G** 
- 306.43549 
(0) 
- 306.45981 
(- 15.26) 
- 306.46551 
(- 18.83) 
- 306.40920 
(I 6.50) 
~ 306.40920 
(16.50) 
ZPVEa (kcal/mol) 
68.16 
67.44 
67.62 
65.79 
66.02 
UMP2/6-3lG** + ZPVE 
- 306.32687 
(0) 
- 306.35234 
(- 15.98) 
- 306.35775 
(-19.38) 
- 306.30435 
(14.13) 
- 306.31035 
(I 0.36) 
aCalculated at UMP2/6-31G** level of theory and scaled by a factor of 0.9. 
Figure 1. The UHF/6-31G** optimized and UMP2/6-31G** optimized structures (the latter have 
been marked). Dihedral angles are specified alongside each structure. 
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-19 kcal/mol 
,H 
. 
Hz% 
,H 
c A% 
- 32 kcal/mol 
Figure 2. Relative energies of the isomeric methyl propionate 
ions. 
ent hydrogen atom to the acidic site (carbonyl oxygen). 
The radical cations of the labeled compounds 
CD,CH,COOCHs and CH,CH,COOCD, were se- 
lected for this study. If isomerization via pathway a 
dominates, the isomerized radical cation of 
CD,CH,COOCH, will donate D+ to a base whereas 
the cation formed from CH,CH,COOCD, will donate 
H+ (Scheme II>. The reverse is true for pathway b 
(Scheme II). H/D scrambling during isomerization is 
not likely to hamper the interpretation of the results 
+./ 
+*o 
D,C~o,CHa i+ 
HD&&,,CH, 
Scheme II. 
Q 
6. 
& 
Q* 
0'" 
+ 
0 
75% 
OS 
+ 
0 
25% 
dD 
+ 
0 
50% 
2 
+ 
0 
50% 
b) 91 
c) 
I”‘.“’ 
91 
k 
50 100 150 
m/z 
Figure 3. (a) CD,CH,C(O)OCH, (nominal pressure 5.6 X 1O-7 
torr) was ionized by 70-eV electron impact in one side of the dual 
cell. The resulting ions were transferred into the other side of the 
cell, collisionally cooled with argon, and detected. (b) The radical 
cation of CD,CH,C(O@CH, (m/z 911 was isolated and fc) 
allowed to react for 800 ms with cyclohexanone (nominal pres- 
sure 1 x 1O-7 torr) for a variable period of time. Nearly equal 
amounts of Hf transfer (m/z 991 and D+ transfer (m/z 100) 
occur to cyclohexanone. The product branching ratio is indepen- 
dent of the reaction time used. 
because the first step in both isomerization pathways 
is highly exothermic and likely to be irreversible. Inas- 
much as this step determines which hydrogen atom is 
transferred to the acidic site, H/D-scrambling that 
occurs after this step does not affect the results. 
The labeled compounds CD,CH,COOCH, and 
CH,CH,COOCD, were introduced into one side of 
the dual cell reaction chamber and ionized with an 
electron beam. The resulting ions were transferred into 
the other side of the dual cell (Figure 3a), where the 
methyl propionate radical cation was isolated (Figure 
3b) and allowed to react with cyclohexanone (Figure 
3~). Both radical cations werefound to readily transfer D+ 
and El+ to cyclohexanone (about 30% of the collisions 
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lead to a reaction).* The same is true for ammonia. 
Thesefindings conclusively demonstrate that both pathways 
a and b must be operational during isomerization of 
CH,CH,C(O)OCH,+: 
The differently labeled radical cations were found 
to transfer H+ and DC to cyclohexanone in different 
ratios: the radical cation of CD,CH,COOCH, donates 
D+ and H’ in about 0.5:0.5 ratio (Figure 3c), whereas 
for CH,CH,COOCD,, the ratio is 0.25:0.75 (Scheme II). 
However, these data cannot be used to derive the 
relative rates of the two isomerization reactions be- 
cause these reactions are likely to be associated with 
significant [ 131, but currently unknown, kinetic isotope 
effects (the kinetic isotope effects associated with the 
deprotonation reactions are likely to be very small and 
can be ignored*). 
A normal primary kinetic isotope effect in the first 
step of the two isomerization processes would slow 
down isomerization of the labeled ion CD&H, 
COOCH;. via pathway a because this pathway in- 
volves transfer of a deuterium atom instead of a hy- 
drogen atom. Hence, pathway a would be less favored 
for this ion than for the undeuterated ion. The situa- 
tion is reversed for CH,CH,COOCDz’: a normal pri- 
mary kinetic isotope effect would facilitate the reaction 
via pathway a relative to pathway b. 
A primary kinetic isotope effect k&k, = 2.2-3.0 
(depends on ion energy) has been measured earlier 
for an isomerization analogous to the first step in 
pathway a: 1,4-hydrogen shift from the acid moiety 
to the carbonyl oxygen in methyl isobutyrate 
radical cation (CH a),CHC(O)OCH :’ to yield 
‘CH,C(CH,)CHC(OH>OCH,” [13]. If a kinetic isotope 
effect of this magnitude (2.0) also applies for the rear- 
rangement of CH,CH,C(O)OCH:’ by the two 1,4-hy- 
drogen shifts in pathways a and b, then the transfer 
ratio D+:H+= 0.5:0.5 observed for the radical cation 
generated from CD,CH,COOCH, suggests that path- 
way a must be favored by a factor of 2 for the un- 
deuterated ion. If this suggestion is valid, the ion 
generated from CHaCH,COOCD, should show a ratio 
H+:D+= 4:1, or 0.8:0.2. Within experimental error, this 
is what was measured (0.75:0.25). 
Obviously, the preceding analysis involves adjust- 
ment two unknown parameters-the kinetic isotope 
effect and the relative rates of the two rearrangement 
processes a and b-and hence cannot yield any quanti- 
tatively meaningful conclusions. However, this excer- 
cise shows that the results obtained are reasonable if 
both isomerization pathways are operative, if a normal 
primary kinetic isotope effect is associated with the 
first hydrogen shift, and if the pathway b is favored 
over pathway a. 
*These deprotonation reactions are highly exothermic and fast. Note 
that even very slow deprotonation reactions show no kinetic isotope 
effects in our experiments: the deprotonation of CD,CO+and 
CH&O+by acetone occurs at an efficiency of only 5%, but no rate 
difference was observed. 
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Conclusions 
The examination of the gas-phase reactions of bases 
with the radical cations of CD,CH,COOCH, and 
CH,CH,COOCD, demonstrates that isomerization of 
the long-lived ( > 0.5-s), nonfragmenting CH,CH, 
COOCH;. to CH,CH=C ‘(OHlOCH;’ occurs by two 
competing pathways. Both pathways are initiated by a 
1,4-hydrogen shift to the carbonyl oxygen. The hydro- 
gen atom can originate either from the acid or the 
alcohol moiety. The former pathway is likely to be 
favored. 
These experimental findings are supported by ab 
initio molecular orbital calculations carried out at 
UMP2/6-31G**//UHF/6-3lG** + ZPVE and 
UMP2/6-31G** + ZPVE levels of theory. Both of the 
possible 1,4-hydrogen shifts in CH,CH,C(O)OCH:’ 
are highly exothermic (by 16-20 kcal/mol). These re- 
actions are associated with energy barriers (lo-14 
kcal/mol at the UMP2/6-31G** + ZPVE level) that 
are comparable to those calculated earlier by others for 
1,4-hydrogen atom shifts in the radical cations of 
methyl acetate [6b] (11 kcal/mol at the UMP2/6- 
31G*//UHF/3-21G + ZPVE level) and methyl for- 
mate [4c] (10 kcal/mol at the QCISD(T)/6- 
311G**//UHF/6-31G* + ZPVE level). However, the 
barrier associated with the 1,4-hydrogen shift from the 
acid moiety was found to be somewhat lower than that 
associated with the 1,Chydrogen shift from the alcohol 
moiety (by 4 kcal/mol). This explains the favored 
formation of the more stable intermediate ‘CH, 
CH,C+(OH)OCH, (3). Formation of this intermediate 
likely is followed by a slightly endothermic 1,5-hydro- 
gen shift (AH = + 4 kcal/mol) to yield 
CHaCH&+(OH)OCH; (2). A highly exothermic 1,4- 
hydrogen shift (AH = - 16 kcal/mol) in this ion yields 
CH,CH=C +(OH)OCHT’ in a reaction that overall is 
exothermic by 32 kcal/mol. 
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